Abstract-Observations of phase locking in a single-cavity gyrotron oscillator operating at 35 GHz are reported. Injection of the locking power was made via a circulator into the gyrotron output guide. Locking was observed with input power levels as low as 35 dB below the gyrotron power. For low input powers, good agreement is found with theory based on lumped-element circuit modeling and a new distributed oscillator model.
INTRODUCTION
T HE SYNCHRONIZATION, or locking, of nonlinear l oscillators was reported as early as the 17th century when Huygens observed the phenomenon in clocks placed on a common wall [1] . More recently, it has been reported in microwave tubes, particularly in klystrons and magnetrons [2] , [3] . Phase locking, i.e., the locking of the phase, and hence the frequency, of one oscillator with another, is useful whenever mutual coherence is required.
The gyrotron, in the form of a free-running (unlocked) oscillator, has been shown to be an efficient high-power source of centimeter-and millimeter-wave radiation [4] .
If it could be phase locked, then it would be of use in coherent systems where high power and efficiency are important, such as high-power radars on mobile platforms or in systems such as linear accelerators where very large numbers of sources are required.
The theory of phase locking in gyrotrons has been addressed by Erkakov et al. [5] - [7] . However, the results given in these papers are not such that a quantitative comparison can be made with the present experiment. In a somewhat more straightforward manner, Adler [8] has modeled a general nonlinear oscillator circuit with lumped elements, determining that the maximum initial detuning between the free-running oscillator frequency fo and the input signal frequency is f fQ (Po) (1) where Pi is the input power, P0 is the output power of the free-running oscillator, and Q is the quality factor of the cavity in the presence of the electron beam. This rather general formula has been applied to magnetrons with some success [2] . For input signal 20 dB below the output is predicted to cause phase locking for input frequencies within +0.01 percent of the operating frequency.
In this paper, we present studies to determine the parameters for which the gyrotron can be phase locked. In the body of the paper, we discuss an experiment. In the Appendix, a review of the lumped-element theory and a development of the theory of a distributed nonlinear oscillator are presented.
DESCRIPTION OF THE EXPERIMENT
The experiment was performed using the arrangement shown in Fig. 1 . A single-cavity gyrotron (gyromonotron) of a design used previously in the authors' laboratory was used. The parameters are shown in Table I , and a schematic of the cavity is given in Fig. 2 . The cavity, which operated in the TEO, mode at 35 GHz, was chosen to allow reasonably efficient operation at powers less than 40 kW, this being the maximum power handling capability of the circulator in Fig. 1 .
A high-power magnetron was used as the locking signal source. This had a frequency of -35.1 GHz, tunable over + 100 MHz. The output was fed into the gyrotron via a variable attenuator, phase shifter, circulator, and mode converter. The last element was used to convert the TE1O rectangular mode into the TEO, circular mode of the gyrotron (and vice versa). As indicated in Fig. 1 , all measurements were made in (WR-28) rectangular waveguide.
For measurement of the relative phases of the gyrotron and magnetron, an interferometer was used. The chief element of this was a "magic tee," a four-port device which, upon the input of equal powers to two legs, distributes in and out of phase components separately to the other two ports. The ratio of the powers of these ports thus indicates the relative phase.
For measurement of the spectra, a commercial heterodyne receiver-type spectrum analyzer was used. To avoid including the spectral components produced during the rise and fall of the pulses, the input to the analyzer was gated by a fast p-i-n diode microwave switch. Using as much as possible of the gyrotron pulse, the output of the switch was approximately 0.7 .ts. This limits the spectral resolution to roughly 1.4 MHz.
For ease in making the initial measurements, and to simplify their interpretation, the magnetron pulse was switched on after the gyrotron had reached nearly full U.S. Government work not protected by U.S. copyright Fig. 3 . It is noted that, to the accuracy of these initial observations, there was no significant dependence of the the degree of locking on whether the magnetron pulse began before or after the initiation of the gyrotron pulse. For most of the measurements, the gyrotron was operated with a current of 2.75 A and a magnetic field of 13.5 kG, producing 22 kW at 35.1 GHz. Locking of the gyrotron was observed by varying the magnetron frequency in the vicinity of the gyrotron frequency. When the gyrotron was not locked, its spectrum was essentially as it was with the magnetron off, but a beat wave could be observed. As the magnetron frequency approached that of the gyrotron, the gyrotron frequency would suddenly shift to that of the magnetron. Simultaneously, the signals from the interferometer would become flat, indicating a constant phase during the pulse.
The change in the gyrotron spectrum is shown in Fig.  4 . Here the gyrotron spectra with the magnetron off and on and the magnetron spectrum are shown. The locking of the gyrotron frequency is obvious. In Fig. 5 ,'the signals during locking from the magic-tee output ports are shown, with the phase shifters adjusted for a null on one leg. Under locked operation, the phase of the gyrotron output tracked that of the input. This was observed by changing the phase shifter between the magnetron and gyrotron, then adjusting the phase shifter in the interferometer to reestablish a null. As can be seen in Fig. 6 Also shown in Fig. 7 is a theoretical curve, based on (1). The Q used is 510, which is found by use of a code [9] calculating the self-consistent cavity fields and gyrotron output power. This is consistent with the modeling, where Q is the loaded Q of the oscillator circuit. This is to be compared to the cold test value of 450.
As can be seen, for input powers < -20 dB the agreement with theory is quite good. For higher drive powers, locking occurs over a wider band than (1) predicts, assuming a constant value for Q. However, it is not unreasonable that the presence of strong drive power modified the actual value of Q from that of the free-running oscillator. The increased width of the locking band is also qualitatively in agreement with the results in [7] . CONCLUSION It has been demonstrated that a single-cavity gyrotron oscillator can be phase locked by a source with a power as low as 35 dB below that of the gyrotron. The phenomenon occurs essentially as expected, with the locking occurring with input powers approximately as predicted by general nonlinear oscillator theory.
Clearly, the present study is far from complete. Additional studies are required to quantify important characteristics such as phase linearity. Also, for higher-power/ longer-pulse gyrotrons, the use of a circulator for injection of the power is not possible with the present state of the art of ferrite devices. Thus injection of the radiation by coupling holes in the side of the cavity or, probably preferably, via a prebunching cavity must be demonstrated before phase-locked gyrotrons become practical for many applications. Research is proceeding along these lines, and will be reported later.
APPENDIX

Review of Lumped-Circuit Phase-Locked Oscillator
The theory of the lumped-circuit phase-locked oscillator has been known for a long time [8] , [10] . This basic approach has been used in the theoretical analysis of phaselocked magnetrons. To make this paper more self-contained, we review it briefly here. The model we take is a nonlinear oscillator at natural frequency co0, "driven" by an external source at frequency w. We assume that cow0 is well within the natural linewidth oloQ of the oscillator. We will say the oscillator obeys the equation
where y and c( > 0. For the linear oscillator, where the -y(dE/dt) and the nonlinear term are replaced by -wlQ dE/dt, the driven electric field would have amplitude F.
The Py term models the linear instability which drives the gyrotron oscillator [11] , and the oa term models the nonlinear effects which saturate the growth of the instability. (7) iting which is the distributed media generalization of (2) . In (7), w, is the cutoff frequency of the waveguide; typically the oscillator operates near the cutoff frequency. The terms fy and u have the same meanings as in a lumped-parameter oscillator. The cavity is assumed to extend from x = 0 to x = L. At x = 0, the boundary condition is assumed to (3a) be E = 0. At x = L for a free-running oscillator, the boundary condition is that there is some output structure which gives a complex reflection coefficient R and transmission coefficient T such that 1 = R + T2. 0. Now consider the ways in which the oscillator frequency can be locked. In the experiment the locking signal is sent (3b) in through the output structure. Thus, in addition to the ionic reflected wave, there is additional input of fixed amplitude and phase. An alternative to this method would be to utiting lize a prebunching cavity so that a beam bunched at frequency X enters the cavity. This would be modeled by adding a term proportional to sin wt to the right-hand side a (7) . Here we analyze only the former case, the wave entering through the output structure. The case of the pre-(4b) bunching cavity will be treated in a future work.
As in the case of the lumped oscillator, we neglect harlator monic distortion of the temporal oscillation so that 
) the ,e PL lition > 2 Q lco-oi COO This is just the relation derived by Adler [5] which was given in the introduction.
Theory of the Distributed Phase-Locked Oscillator While a good deal of theory has been done on phaselocked oscillators, most of the work has been done for lumped-circuit models. In this section we show that for a simple model of a distributed oscillator, phase locking also occurs. If the oscillator is phase locked by injecting a locking signal through the output, it turns out that the same condition for phase locking (1) applies.
In our model for a distributed phase-locked oscillator, we assume that the electric field obeys the partial differ-E(x, t) = E(x) exp (-ict) + c.c. . In principle this equation could be solved numerically. One could start at x = 0 with E = 0 and the real and imaginary parts of dE/dx unspecified. At x = L, there is a complex relation (that is, two relations, for real and imaginary parts) between E and dE/dx which is specified by the reflectivity of the output structure and the amplitude and phase of the incoming phase-locking signal. Thus the real and imaginary parts of dE/dx at x = 0 are varied to satisfy the boundary condition at x = L. In practice, this means solving for the amplitude of the oscillator field and the phase shift between the input signal and oscillator. This approach could be used not only for the simple oscillator model we have chosen, but also for a more realistic model for the nonlinear driving currents [6] . However, in either case, a two-dimensional iteration is required to find the solution. Also the condition for phase lock in either case is the existence of the solution. For instance, if one attempts to find a solution with say too large a frequency shift, the numerical scheme will simply indicate that no solution was found. This in itself does not necessarily guarantee that the solution does not exist. For these reasons, it could be extremely useful to obtain some analytic insight into the nature of the phase-locked solutions for simple nonlinear distributed oscillator. (10) is zero for the free-running oscillator because in the output structure there is only an outgoing wave having IE12 = constant. The terms in (11) power flow out of the oscillator. The term in the integral proportional to 1E12 is the power input from the linear instability mechanism and the term proportional to IEI4 is proportional to the power dissipated by the nonlinear stabilization mechanism.
As in the case of the lumped-circuit oscillator, we assume that the phase-locking signal is small compared to the oscillator signal so that the field amplitude is approximately as in the free-running oscillator. Thus we concentrate on (10 
